A Simple and Cost-efficient Technique to Generate Hyperpolarized Long-lived 15N-15N Nuclear Spin Order in a Diazine by Signal Amplification by Reversible Exchange by Roy, S. S. et al.
This is a repository copy of A Simple and Cost-efficient Technique to Generate 
Hyperpolarized Long-lived 15N-15N Nuclear Spin Order in a Diazine by Signal 
Amplification by Reversible Exchange.
White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/154655/
Version: Published Version
Article:
Roy, S. S. orcid.org/0000-0002-9193-9712, Rayner, Peter John 
orcid.org/0000-0002-6577-4117, Burns, Michael orcid.org/0000-0002-5569-1270 et al. (1 
more author) (2020) A Simple and Cost-efficient Technique to Generate Hyperpolarized 
Long-lived 15N-15N Nuclear Spin Order in a Diazine by Signal Amplification by Reversible 
Exchange. The Journal of Chemical Physics. JCP19-AR-SPIN2019-04204R. ISSN 
1089-7690 
eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/
Reuse 
This article is distributed under the terms of the Creative Commons Attribution (CC BY) licence. This licence 
allows you to distribute, remix, tweak, and build upon the work, even commercially, as long as you credit the 
authors for the original work. More information and the full terms of the licence here: 
https://creativecommons.org/licenses/ 
Takedown 
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 
 1 
 
A Simple and Cost-efficient Technique to Generate Hyperpolarized Long-lived 
15N-15N Nuclear Spin Order in a Diazine by Signal Amplification by Reversible 
Exchange 
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^dZd 
^ŝŐŶĂůŵƉůŝĨŝĐĂƚŝŽŶďǇZĞǀĞƌƐŝďůĞǆĐŚĂŶŐĞ ?^Z ?ŝƐĂŶŝŶĞǆƉĞŶƐŝǀĞĂŶĚƐŝŵƉůĞŚǇƉĞƌƉŽůĂƌŝǌĂƚŝŽŶ
ƚĞĐŚŶŝƋƵĞ ƚŚĂƚ ŝƐ ĐĂƉĂďůĞ ŽĨ ďŽŽƐƚŝŶŐ EƵĐůĞĂƌ DĂŐŶĞƚŝĐ ZĞƐŽŶĂŶĐĞ  ?EDZ ? ƐĞŶƐŝƚŝǀŝƚǇ ďǇ ƐĞǀĞƌĂů
ŽƌĚĞƌƐ ŽĨ ŵĂŐŶŝƚƵĚĞ ? /ƚ ƵƚŝůŝǌĞƐ ƚŚĞ ƌĞǀĞƌƐŝďůĞ ďŝŶĚŝŶŐ ŽĨ ƉĂƌĂ-ŚǇĚƌŽŐĞŶ ? ĂƐ ŚǇĚƌŝĚĞ ůŝŐĂŶĚƐ ? ĂŶĚ Ă
ƐƵďƐƚƌĂƚĞ ŽĨ ŝŶƚĞƌĞƐƚ ƚŽ Ă ŵĞƚĂů ĐĂƚĂůǇƐƚ ƚŽ ĂůůŽǁ ƉŽůĂƌŝǌĂƚŝŽŶ ƚƌĂŶƐĨĞƌ ĨƌŽŵ ƉĂƌĂ-ŚǇĚƌŽŐĞŶ ŝŶƚŽ
ƐƵďƐƚƌĂƚĞŶƵĐůĞĂƌƐƉŝŶƐ ?tŚŝůĞƚŚĞƌĞƐƵůƚŝŶŐŶƵĐůĞĂƌƐƉŝŶƉŽƉƵůĂƚŝŽŶƐĐĂŶďĞĚƌĂŵĂƚŝĐĂůůǇůĂƌŐĞƌƚŚĂŶ
ƚŚŽƐĞ ŶŽƌŵĂůůǇ ĐƌĞĂƚĞĚ ? ƚŚĞŝƌ ůŝĨĞƚŝŵĞ ƐĞƚƐ Ă ƐƚƌŝĐƚ ƵƉĞƌ ůŝŵŝƚ ŽŶ ƚŚĞ ĞǆƉĞƌŝŵĞŶƚĂů ƚŝŵĞĨƌĂŵĞ ?
ŽŶƐĞƋƵĞŶƚůǇ ?ƐŚŽƌƚŶƵĐůĞĂƌƐƉŝŶ ůŝĨĞƚŝŵĞƐĂƌĞĂĐŚĂůůĞŶŐĞĨŽƌŚǇƉĞƌƉŽůĂƌŝǌĞĚŵĞƚĂďŽůŝĐ ŝŵĂŐŝŶŐ ? /Ŷ
ƚŚŝƐ ƌĞƉŽƌƚ ǁĞ ĚĞŵŽŶƐƚƌĂƚĞ ŚŽǁ ďŽƚŚ ŚǇƉĞƌƉŽůĂƌŝǌĂƚŝŽŶ ĂŶĚ ůŽŶŐ ŶƵĐůĞĂƌ ƐƉŝŶ ůŝĨĞƚŝŵĞ ĐĂŶ ďĞ
ƐŝŵƵůƚĂŶĞŽƵƐůǇ ĂĐŚŝĞǀĞĚ ŝŶ ŶŝƚƌŽŐĞŶ- ? ? ĐŽŶƚĂŝŶŝŶŐ ĚĞƌŝǀĂƚŝǀĞƐ ŽĨ ƉǇƌŝĚĂǌŝŶĞ ĂŶĚ ƉŚƚŚĂůĂǌŝŶĞ ďǇ
^Z ? dŚĞƐĞ ƐƵďƐƚƌĂƚĞƐ ǁĞƌĞ ĐŚŽƐĞŶ ƚŽ ƌĞĨůĞĐƚ ƚǁŽ ĚŝƐƚŝŶĐƚ ĐůĂƐƐĞƐ ŽĨ  ? ?E ?-ĐŽƵƉůĞĚ ƐƉĞĐŝĞƐ ƚŚĂƚ
ĚŝĨĨĞƌĂĐĐŽƌĚŝŶŐƚŽƚŚĞŝƌĐŚĞŵŝĐĂůƐǇŵŵĞƚƌǇĂŶĚƚŚĞƌĞďǇĂĐŚŝĞǀĞĚŝĨĨĞƌĞŶƚŶƵĐůĞĂƌƐƉŝŶůŝĨĞƚŝŵĞƐ ?dŚĞ
ƉǇƌŝĚĂǌŝŶĞĚĞƌŝǀĂƚŝǀĞƉƌŽǀĞƐƚŽĞǆŚŝďŝƚĂƐŝŐŶĂůůŝĨĞƚŝŵĞŽĨĐĂ ? ? ?ŵŝŶƵƚĞƐĂŶĚĐĂŶďĞƉƌŽĚƵĐĞĚǁŝƚŚĂ
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ƐŝŐŶĂů ĞŶŚĂŶĐĞŵĞŶƚ ŽĨ ĐĂ ?  ? ? ? ? ? /Ŷ ĐŽŶƚƌĂƐƚ ? ǁŚŝůĞ ƚŚĞ ƉŚƚŚĂůĂǌŝŶĞ ĚĞƌŝǀĂƚŝǀĞ ǇŝĞůĚƐ ĂƐƵƉĞƌŝŽƌ
 ? ? ? ? ? ?-ĨŽůĚ ? ?EƐŝŐŶĂůĞŶŚĂŶĐĞŵĞŶƚĂƚ ? ? ? ?dŝƚŚĂƐĂŵƵĐŚƐŚŽƌƚĞƌƐŝŐŶĂůůŝĨĞƚŝŵĞ ? 
 
/ ?/EdZKhd/KE 
ĞƐƉŝƚĞƚŚĞŵĂŶǇƐŝŐŶŝĨŝĐĂŶƚĂĚǀĂŶĐĞƐƚŚĂƚŚĂǀĞƚĂŬĞŶƉůĂĐĞŝŶEƵĐůĞĂƌDĂŐŶĞƚŝĐZĞƐŽŶĂŶĐĞ ?EDZ ?
ƐŝŶĐĞŝƚƐŝŶĐĞƉƚŝŽŶ ?ƉŽŽƌƐĞŶƐŝƚŝǀŝƚǇƐƚŝůůůŝŵŝƚƐĨƵůůƵƚŝůŝƚǇ ?dŚŝƐůŽǁƐĞŶƐŝƚŝǀŝƚǇĂƌŝƐĞƐďĞĐĂƵƐĞEDZƌĞůŝĞƐ
ŽŶ ƚŚĞ ŽůƚǌŵĂŶŶ ĚŝƐƚƌŝďƵƚŝŽŶ ƚŽ ĐƌĞĂƚĞ ƉŽƉƵůĂƚŝŽŶ ŝŵďĂůĂŶĐĞƐ ďĞƚǁĞĞŶ ƚŚĞ ŶƵĐůĞĂƌ ƐƉŝŶ
ŽƌŝĞŶƚĂƚŝŽŶƐ ŝƚƉƌŽďĞƐ ? ? ? ? tŚŝůƐƚ ?, ĚĞƚĞĐƚŝŽŶŽĨĨĞƌƐ ŵĂǆŝŵƵŵƐĞŶƐŝƚŝǀŝƚǇ ? ƚŚĞ ƐŝŐŶĂů ĂŵƉůŝƚƵĚĞƐƚŝůů
ŽƌŝŐŝŶĂƚĞƐ ĨƌŽŵ Ă ĚŝĨĨĞƌĞŶĐĞ ŽĨ ũƵƐƚ  ? ŝŶ ĞĂĐŚ  ? ? ? ? ? ?  ?, ƐƉŝŶƐ Ăƚ ƌŽŽŵ ƚĞŵƉĞƌĂƚƵƌĞ ǁŝƚŚŝŶ Ă  ? ? ? d
ŵĂŐŶĞƚ ? ? ? ?dŚŝƐƉƌŽďůĞŵŝƐĞǀĞŶŵŽƌĞƉƌŽŶŽƵŶĐĞĚĨŽƌůŽǁ-ɶŶƵĐůĞŝƐƵĐŚĂƐ ? ?ĂŶĚ ? ?E ?ǁŚĞƌĞŝŶƚŚĞ
ůĂƚƚĞƌĐĂƐĞũƵƐƚ ?ŝŶĞǀĞƌǇ ? ? ? ? ? ? ? ? ?EŶƵĐůĞĂƌƐƉŝŶƐĐŽŶƚƌŝďƵƚĞƉŽƐŝƚŝǀĞůǇĂƚƚŚŝƐĨŝĞůĚ ? ? ? ? ? ? 
ZĞĐĞŶƚ ĚĞǀĞůŽƉŵĞŶƚƐ ŝŶ ŚǇƉĞƌƉŽůĂƌŝǌĂƚŝŽŶ ƚĞĐŚŶŝƋƵĞƐ ƚŚĂƚ ŝŵƉƌŽǀĞ ƐĞŶƐŝƚŝǀŝƚǇ ŚĂǀĞ ĂůůŽǁĞĚ ƚŚĞ
ĚĞǀĞůŽƉŵĞŶƚ ŽĨ ŵĂŐŶĞƚŝĐ ƌĞƐŽŶĂŶĐĞ ĂƉƉůŝĐĂƚŝŽŶƐ ƚŚĂƚ ǁĞƌĞ ƉƌĞǀŝŽƵƐůǇ ƚŚŽƵŐŚƚ ƚŽ ďĞ ďĞǇŽŶĚ ƚŚĞ
ƚĞĐŚŶŝƋƵĞƐƌĞĂĐŚ ? ? ? ?dŚŝƐďƵŝůĚƐĨƌŽŵƚŚĞĨĂĐƚƚŚĂƚƚĞĐŚŶŝƋƵĞƐƐƵĐŚĂƐǇŶĂŵŝĐEƵĐůĞĂƌWŽůĂƌŝǌĂƚŝŽŶ
 ?EW ? ? ? ? ĂŶĚ ^ƉŝŶ ǆĐŚĂŶŐĞ KƉƚŝĐĂů WƵŵƉŝŶŐ  ?^KW ? ? ? ? ƉƌŽǀŝĚĞ ƵŶƉƌĞĐĞĚĞŶƚĞĚ ůĞǀĞůƐ ŽĨ ƐŝŐŶĂů
ĞŶŚĂŶĐĞŵĞŶƚĨŽƌĐĂƌďŽŶ- ? ? ?ŶŝƚƌŽŐĞŶ- ? ?ĂŶĚǆĞŶŽŶ- ? ? ?ƐƉŝŶĚĞƚĞĐƚŝŽŶ ?tŚŝůĞƚŚĞƐĞĚĞǀĞůŽƉŵĞŶƚƐ
ŚĂǀĞďĞĞŶĂƉƉůŝĞĚƚŽŝŶǀŝǀŽƐƚƵĚǇ ? ? ?- ? ?ƚŚĞǇŽĨƚĞŶŝŶǀŽůǀĞŚŝŐŚ-ĐŽƐƚŝŶƐƚƌƵŵĞŶƚĂƚŝŽŶ ? ? ?ǁŚŝĐŚĂĐƚƐƚŽ
ƌĞƐƚƌŝĐƚƚŚĞŝƌƵƚŝůŝǌĂƚŝŽŶ ? 
Ŷ ĂůƚĞƌŶĂƚŝǀĞ ĂƉƉƌŽĂĐŚ ŝŶǀŽůǀŝŶŐ ƉĂƌĂ-ŚǇĚƌŽŐĞŶ  ?Ɖ-, ? ? ĂƐ Ă ƐŽƵƌĐĞ ŽĨ ƉŽůĂƌŝǌĂƚŝŽŶ ŝƐ ŐĂŝŶŝŶŐ
ƉŽƉƵůĂƌŝƚǇ ĚƵĞ ƚŽ ŝƚƐ ƐƉĞĞĚ ĂŶĚ ƐŝŵƉůŝĐŝƚǇ ? ? ? ?  ? ? ? DĞƚŚŽĚƐ ŝŶǀŽůǀŝŶŐ Ɖ-, ? ĂƌĞ ƌĞĨĞƌƌĞĚ ƚŽ ĂƐ WĂƌĂ-
,ǇĚƌŽŐĞŶ/ŶĚƵĐĞĚWŽůĂƌŝǌĂƚŝŽŶ ?W,/W ?ĂƉƉƌŽĂĐŚĞƐĂŶĚĐůĂƐƐŝĐĂůůǇƵƐĞĂŵĞƚĂůĐĂƚĂůǇƐƚƚŽĂĚĚƉ-, ?ƚŽ
ĂŶ ƵŶƐĂƚƵƌĂƚĞĚ ƐƵďƐƚƌĂƚĞ ǀŝĂ Ă ŚǇĚƌŽŐĞŶĂƚŝŽŶ ƐƚĞƉ ? ,ŽǁĞǀĞƌ ? Ă ǀĂƌŝĂŶƚ ŽĨ W,/W ĐĂůůĞĚ^ŝŐŶĂů
ŵƉůŝĨŝĐĂƚŝŽŶďǇZĞǀĞƌƐŝďůĞǆĐŚĂŶŐĞ ?^Z ?ŚĂƐŐƌĞĂƚůǇĞǆƉĂŶĚĞĚƚŚĞƌĞŵŝƚŽĨƚŚĞW,/WŵĞƚŚŽĚĂƐ
ŝƚĚŽĞƐŶŽƚŝŶĚƵĐĞĐŚĞŵŝĐĂůĐŚĂŶŐĞŝŶƚŚĞƐƵďƐƚƌĂƚĞ ? ? ? ? ?^ZŝŶƐƚĞĂĚĞŵƉůŽǇƐƌĞǀĞƌƐŝďůĞƐƵďƐƚƌĂƚĞ
ĂŶĚƉ-, ? ďŝŶĚŝŶŐ ƚŽĂĐĂƚĂůǇƐƚ ƚŽ ƚƌĂŶƐĨĞƌƉŽůĂƌŝǌĂƚŝŽŶ ĨƌŽŵƚŚĞ Ɖ-, ?ĚĞƌŝǀĞĚ ŚǇĚƌŝĚĞ ůŝŐĂŶĚƐ ŝŶƚŽĂ
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ƐĞůĞĐƚĞĚ ƐƵďƐƚƌĂƚĞ ƵŶĚĞƌ ĂƉƉƌŽƉƌŝĂƚĞ ƌĞƐŽŶĂŶĐĞ ĐŽŶĚŝƚŝŽŶƐ  ?^ĐŚĞŵĞ  ? ? ? ? ? ? ? ^ŝŶĐĞ ŝƚƐ ŝŶĐĞƉƚŝŽŶ ?
^Z ŚĂƐ ďĞĐŽŵĞ ƐƵĐĐĞƐƐĨƵů Ăƚ ŚǇƉĞƌƉŽůĂƌŝǌŝŶŐ Ă ŐƌŽǁŝŶŐ ƌĂŶŐĞ ŽĨ ŝŵƉŽƌƚĂŶƚ ŵĂƚĞƌŝĂůƐ ƐƵĐŚ ĂƐ
ŶŝĐŽƚŝŶĂŵŝĚĞ ?ŵĞƚŚǇůŶŝĐŽƚŝŶĂƚĞ ?ŝŵŝĚĂǌŽůĞ ?ĚŝĂǌŝƌŝŶĞƐ ?ŵĞƚƌŽŶŝĚĂǌŽůĞ ?ĂŵŝŶĞƐĂŶĚƉǇƌƵǀĂƚĞ ? ? ? ?- ? ? ? 
 
 
SCHEME 1: (a) Schematic depiction of the SABRE hyperpolarization method; p-H2 and substrate (sub) bind 
reversibly to an iridium catalyst to induce polarization transfer. (b) Structures of the substrates used in this 
study ? 3-chloro-6-methoxy-4,5-d2-pyridazine-15N2 (1) and phthlazine-15N2 (2). 
The hyperpolarization of heteronuclei provides two crucial advantages over normal 1H magnetic 
resonance imaging (MRI)  W (a) an essentially background-free signal and (b) potentially long 
magnetic state lifetimes. This is reflected in the fact that the greatest success of DNP to date has 
been the hyperpolarization of 13C nuclei in isotopically labelled pyruvate for the subsequent study of 
metabolic pathways linked to cancer.[6, 21-23] Hyperpolarized 15N offers similar advantages to 13C 
detection and the feasibility of its use in vivo has been established previously for 15N-choline.[24] As 
the relative molar receptivity of 15N is just ͳǤͲͶ ൈ ͳͲିଷ and 13C ͳǤͷͻ ൈ ͳͲିଶ with respect to 1H, the 
use of hyperpolarization is critical for such heteronuclei detection.[1]  
Warren and co-workers have demonstrated that 15N targets can be produced with high levels of 
hyperpolarization together with long magnetic state lifetimes using a variation of SABRE they termed 
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SABRE-SHEATH.[25-29] It simply uses a mu-metal shield to enable efficient and direct polarization 
transfer from the hydride ligands of the catalyst to heteronuclei. A significant breakthrough was 
reflected in their studies of diazirines which were found to display both longitudinal magnetization 
and long lived singlet states after polarization transfer.[16] 15N polarization levels of ca. 5% were 
reported and the associated singlet state had a lifetime of 23 min. This singlet state was revealed by 
the use of chemical asymmetry and built from work by Levitt and co-workers who illustrated how 
long-lived singlet states (LLS) sustain nuclear spin lifetimes beyond those of the normal T1 timescale 
through storage in disconnected Eigen states[30, 31] that are immune to the major mechanisms of 
relaxation.[32] Examples of such systems have been found where these long-lived states have 
lifetimes that exceed 1 hour, or 50 times the more usual T1 timescale, in room temperature 
solution.[33, 34]  
In this work, we use the SABRE variant SABRE-SHEATH to hyperpolarize two 15N2-based diazines and 
rationalize the basis of a simple route to their detection over long-time-scales. To broaden 
applicability, these agents were selected to represent two kinds of substrate that differ according to 
whether their coupled 15N-spins are chemically or magnetically different.  
II. EXPERIMENTAL METHODS AND RESULTS 
The p-H2 used in this SABRE hyperpolarization study was created in more than 92% purity using an 
in-house para-hydrogen generator.[35] Samples were prepared by mixing 5 mM of [IrCl(COD)(IMes)] 
(IMes = 1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene) with 30 mM of the substrate (1 or 2 of 
Scheme 1) in 0.6 mL of methanol-d4 in a 5 mm NMR tube ĨŝƚƚĞĚǁŝƚŚĂ: ?zŽƵŶŐ ?ƐdĂƉ. After degassing 
using a freeze-pump-thaw method, the samples were activated by the introduction of H2 at a 
pressure of 3 bar. SABRE hyperpolarization experiments were then completed by filling the NMR 
tubes with p-H2 (3 bar) and subsequently shaking them vigorously in the specified magnetic field 
before detecting the resulting signal inside a high field NMR spectrometer (11.75 T). In these 
experiments, a mu-metal shield was used to reduce the background magnetic field to around 1000 
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times its normal value so that a mG top-up field can be applied to the sample through the 
application of a solenoid.[17] The SABRE/SABRE-SHEATH hyperpolarization and sample transfer 
steps take place over 10 to 20 seconds. [36, 37] Since SABRE is reversible, sample re-
hyperpolarisation can be achieved within just a few seconds by repeating this procedure with fresh 
p-H2. In this way, accuracy and relaxation effects can readily be probed. The NMR measurements 
that feature in the final observation step were carried out at 298 K on an 11.75 T Bruker Avance III 
spectrometer using a TBI probe.  
Pyridazine 1 contains a pair of coupled 15N spins that are chemically different. Earlier studies of 
several related pyridazine based substrates confirmed they can provide access to good 1H-SABRE 
hyperpolarization levels, thereby indicating the suitability of these systems.[28, 29, 38] The 
hyperpolarization of 3,6-dichloropyridazine-15N2 has also previously been reported.[39] The 
pyridazine motif is itself prevalent in a range of pharmacologically active agents and hence screening 
their NMR detection and magnetic state lifetimes is sensible.[40]  
The chemical shift between the two inequivalent 15N sites in 1 was quantified to be 29.3 ppm (1485 
Hz at 11.75 T), with a mutual spin-spin coupling of 23 Hz connecting them. During the SABRE 
process, 1 and a pair of p-H2 derived hydride ligands bind to the iridium catalyst ([Ir(H)2(NHC)(1)3]Cl) 
to temporarily create an A ?BC type 4-spin system at low-magnetic field where the trans hydride-15N 
coupling is around 20 Hz, the hydride-hydride coupling ~-8 Hz and the retained 15N-15N ~|20| Hz. 
Consequently, the SABRE transfer mechanism for diazines 1 and 2 lead to direct population of the 
corresponding 15N2-spin system singlet state after dissociation.[16, 18, 27, 38, 41] This is the result of 
the fact that the JHH and JNN couplings are sufficiently close in size to enable the 
15N-singlet to 
become populated in fields where the difference in chemical shift between the two bound nitrogen 
resonances is smaller than the 15N-15N J-coupling.   
Once SABRE hyperpolarization experiments were performed according to the aforementioned 
protocol in the case of 1 adiabatic transfer to 11.75 T enables the observation of two 15N NMR 
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signals, as detailed in Figure 1a, ĂĨƚĞƌĂ ? ?ȗŚĂƌĚŽďƐĞƌǀĂƚŝŽŶƉƵůƐĞ ?dŚĞƐĞƐignals possess an  ‘ƵƉ-up-
down-ĚŽǁŶ ? ƉĂƚƚĞƌŶ ƚŚĂƚindirectly confirms the creation of 15N-singlet spin character in 1 after 
completion of SABRE.[17, 42, 43] This is the result of probing a high-field state of the form IzSz + Iz AL Sz 
which leads to two observable doublets, of opposite relative phase, when interrogated by a  ? ?ȗ read 
pulse. When the same process was repeated, ďƵƚĂ ?ȗĨůŝƉĂŶŐůĞƵƐĞĚ, the resulting NMR spectrum 
yields detectable outer-line transitions as shown in Figure 1b which further confirm the presence of 
initial singlet spin character as the IzSz term which leads to a pair of antiphase doublets now adds to 
the earlier signal. These observations also show that the resulting state does not decohere rapidly 
which confirms that the presence of the methyl substituent has minimal effect on the signals 
lifetime.[44, 45] This is in agreement with the failure to observe any scalar coupling between the 
methyl groups protons and the 15N centers. For comparison purposes, Figure 1c shows the 
corresponding thermally polarized 15N NMR spectrum that was acquired in conjunction with signal 
averaging over 1000 scans where the delay between measurements is 120 sec. Consequently, this 
control measurement took over 33 hours to make. On the basis of these data, a signal enhancement 
factor of 1250 could be determined at 11.75 T, relative to the thermally polarized NMR spectrum. 
These measurements were repeated using different polarization transfer field values in the range 1 
to 10 mG and little intensity variation was observed which is expected for a direct singlet transfer 
pathway. 
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&/'hZ  ? P ? ?E EDZ ƐƉĞĐƚƌĂ ĂƐƐŽĐŝĂƚĞĚ ǁŝƚŚ  ? P  ?Ă ? ƐŝŶŐůĞ-ƐŚŽƚ ŚǇƉĞƌƉŽůĂƌŝǌĞĚ ^Z-^,d, ĞǆƉĞƌŝŵĞŶƚ
ĚĞƚĞĐƚĞĚĂƚ ? ? ? ? ?dďǇĂ ? ?ȗƉƵůƐĞ ? ?ď ?ĚĞƚĞĐƚĞĚďǇĂ ?ȗƉƵůƐĞĂŶĚ ?Đ ?ƚŚĞĐŽƌƌĞƐƉŽŶĚŝŶŐ ? ?EEDZƐƉĞĐƚƌƵŵĂĨƚĞƌ
 ? ? ? ?ĂǀĞƌĂŐĞƐ ? 
 
Since the SABRE signal that is created in these experiments originates in the corresponding singlet 
state, it ?Ɛ ůŝĨĞƚŝŵĞ should be much longer than that associated with more usual T1 decay. 
Furthermore, since chemical shift anisotropy (CSA) is the major source of singlet order relaxation, 
this period should be extended significantly with lower magnetic field storage.[46] This situation is 
complicated by the fact that the singlet (S0) state of the free material connects directly with the 
shorter lived triplet (To) state which will act to reduce its population and therefore the high-field 
lifetime. However, when the substrate is bound it will exhibit an even more reduced S0 lifetime due 
to the potential to transfer polarization into the hydride ligands in the reverse of the initial 15N 
polarization transfer step and the existence of spin-spin couplings to the hydride ligands can also 
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lead to the creation of triplet derived magnetization. These effects can be readily evaluated though 
by changing the metal concentration. 
We therefore first measured the effective lifetime of the magnetization created under SABRE after 
storage in three magnetic fields. For the high magnetic field value, we used the 11.75 T field of the 
NMR system and determined the signal lifetime to be 35.8 ± 5.8 s. Next, the sample was examined 
after storage at 0.3 T and the lifetime of the signal increased to 56.5 ± 12.6. The 0.3 T field was 
selected because of the work of Shchepin et al. where they found it proved suitable for 
hyperpolarized T1 extension.[47] Upon storage in the mu-metal shield, the signal lifetime became 
118.3 ± 20.4 s. The normalized signal intensities used in obtaining these values alongside the 
corresponding exponential fits are shown in Figure 2 and the results are detailed in Table 1. As 
indicated above, these signal lifetimes are each measured in the presence of the active SABRE 
catalyst. They are therefore further compressed by the reversible interaction of 1 with the catalyst 
which more efficiently breaks the symmetry of the magnetic state during the ligation event as G' 
increases to ~3000 Hz for the ligand bound trans to hydride at 11.75 T. Consequently, when these 
measurements are repeated with a 50-fold excess of 1 based on iridium, rather than the 6-fold 
described first, these lifetimes are extended. Now, the signal lifetime becomes 48.8 ± 7.1 s at 11.75 T 
whilst at zero field (mu-metal shield) it became 155.5 ± 15.4 s. Hence, we can conclude that the 
lifetimes can be substantially improved in the presence of a larger excess of substrate which reduces 
the propensity for magnetization decay through ligand exchange. However, a significant drop in 
signal enhancement factor to ca. 200-fold is also observed at this higher substrate loading and 
therefore a balance between signal size and lifetime needs to be considered based on the desired 
application.  
Due to the long lifetime of the created hyperpolarized 15N signal of 1, we could further improve the 
signal enhancement achieved with a sample containing 5 mM [IrCl(COD)(IMes)] and 30 mM of 1 by 
extending the polarization transfer times. When a 25 second polarization time was employed the 
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visible signal gain increased significantly to 2700-fold. This represents the detection of a signal that is 
twice as large as that achieved with a 10 second transfer time. However, when the polarization time 
was increased above 30 seconds, the 15N signal gain decreased to 2500-fold which reflects the finite 
volume of p-H2 that is present in the sealed NMR tubes used in this study. 
 
 
FIGURE 2: Normalized signal amplitudes of the 15N hyperpolarised NMR signals seen for 1 (circles) after SABRE-
SHEATH as a function of sample storage time. Data points are fitted to an exponential (solid curves) which 
yields the signal lifetimes reported in Table 1 for a precatalyst to 1 loading of 1:6. Sample storage took place at 
11.75 T (blue), 0.3 T (orange) and 0 T (green). 
TABLE 1: 15N polarization levels (enhancement factor and %), and signal lifetimes for 1 and 2 at the specified 
storage fields achieved with the precatalyst [IrCl(COD)(IMes)]. All measurements were made at 11.75 T and 
298 K. 
ŐĞŶƚ ŶŚĂŶĐĞŵĞŶƚ
ĨĂĐƚŽƌ  ?H ? ĂŶĚ ŶĞƚ
ƉŽůĂƌŝǌĂƚŝŽŶ ?WA? ? 
,ǇƉĞƌƉŽůĂƌŝƐĞĚ
ƐŝŐŶĂů ůŝĨĞƚŝŵĞ Ăƚ
 ? ? ? ? ?d
,ǇƉĞƌƉŽůĂƌŝƐĞĚ
ƐŝŐŶĂů ůŝĨĞƚŝŵĞ Ăƚ
 ? ? ?d 
,ǇƉĞƌƉŽůĂƌŝƐĞĚ ƐŝŐŶĂů
ůŝĨĞƚŝŵĞĂƚ ? ? ?Pd 
 ? H1250 
W P ? ? ?A?
d>>^ P ? ? ? ?A? ? ? ?Ɛ d>>^ P ? ? ? ?A? ? ? ? ?Ɛ d>>^ P ? ? ? ? ?A? ? ? ? ?Ɛ
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 ? H 4800 
W P ?A? 
d ? P ? ? ?A? ? ? ?Ɛ d ? P ? ? ? ?A? ? ? ?Ɛ d ? P ? ? ? ?A? ? ? ?Ɛ 
 
The second substrate, phthalazine 2, has a chemically equivalent but magnetically distinct 15N2-spin 
system due to the associated 1H couplings. It was probed under SABRE-SHEATH conditions inside a 
mu-metal shield as described above.[17, 48] The presence of the D-proton substituents on the ring 
system, and their visible couplings to 15N, will enable decoherence of any So term that is created 
through SABRE and thereby make the resulting states visible to NMR.[25, 46] However, as indicted 
earlier, the transient binding of 2 to a metal complex will break both the chemical and magnetic 
symmetry of this 15N pair, thereby providing not only a route to see both bound and free material, 
but also a route to further decohere the singlet state, in a process whose effect will again be 
concentration dependent.  
For these measurements we initially employed a solution containing 5 mM of [IrCl(COD)(IMes)] and 
30 mM of 2. Figure 3 shows the resulting series of hyperpolarized 15N NMR signals for 2 that were 
observed after the application of a 90 degree observation pulse as a function of the polarization 
transfer field strength and we see the signal reaches maximum amplitude at 4.5 mG.  
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FIGURE 3: Hyperpolarized 15N NMR spectra of 2 as a function of the mixing field (0-9 mG) experienced during 
polarization transfer. The NMR tube was mixed with p-H2 inside a voltage-controlled coil that was placed inside 
a mu-metal shielded chamber for these measurements.  
 
The polarization of  ? ŝƐĂĐŚŝĞǀĞĚƚŚƌŽƵŐŚƚŚĞĐƌĞĂƚŝŽŶŽĨĂŶ ŝŶŝƚŝĂůůǇ ŝĚĞŶƚŝĐĂů ?ƐƉŝŶŶĞƚǁŽƌŬŽŶ
ƚŚĞĐĂƚĂůǇƐƚĂƐ ǁŝƚŚ  ? ?ǁŚĞƌĞ ƚŚĞ :EE ŝƐŶŽǁĂƉƉƌŽǆŝŵĂƚĞůǇ  ? ?,ǌĂŶĚ: ?ƚƌĂŶƐ-,ǇĚƌŝĚĞ ?EA?  ? ?,ǌĂŶĚ: ?ĐŝƐ-
,ǇĚƌŝĚĞ ?EAM ?,ǌ ?ŶĞŐůĞĐƚŝŶŐƚŚĞ ?:E,ĐŽƵƉůŝŶŐƚŽƚŚĞDƌŝŶŐƉƌŽƚŽŶŽĨ ? ? ?,ǌǁŝƚŚŝŶ ? ? ?tŚĞŶ ?ŝƐďŽƵŶĚ
ƚƌĂŶƐ ƚŽ ƚŚĞ E, ? ƚŚĞ ĂƐƐŽĐŝĂƚĞĚ ? ?E-,ǇĚƌŝĚĞ ĐŽƵƉůŝŶŐƐ ĂƌĞ AM ? ,ǌ ?  hƉŽŶ ůŝŐĂŶĚ ĚŝƐƐŽĐŝĂƚŝŽŶ ? ƚŚĞ
ƐŝŶŐůĞƚƐƚĂƚĞŝŶĨƌĞĞ ?ƚŚĂƚŝƐĐƌĞĂƚĞĚƵŶĚĞƌ^ZĐĂŶŽŶůǇĞǀŽůǀĞƵŶĚĞƌƚŚĞƐŵĂůůĞƌǁĞĂŬƐǇŵŵĞƚƌǇ
ďƌĞĂŬŝŶŐ DƉƌŽƚŽŶ-ŶŝƚƌŽŐĞŶ ƐƉŝŶ-ƐƉŝŶ ĐŽƵƉůŝŶŐƐ  ? ?:E, A䄀  ? ? ? ,ǌ ? ?:E, AM  ?,ǌ ? ĂŶĚ ǁŝůů ŚĂǀĞ Ă ůŽŶŐĞƌ
ůŝĨĞƚŝŵĞƚŚĂŶƚŚĞďŽƵŶĚŵĂƚĞƌŝĂů ? 
&ŝŐƵƌĞ ?ƐŚŽǁƐĂůůŽĨƚŚĞĚĞƚĞĐƚĞĚ ? ?EƌĞƐŽŶĂŶĐĞƐĂĨƚĞƌ^ZƚƌĂŶƐĨĞƌĂƚ  ? ? ?ŵ'ǁŚĞƌĞĂĚĚŝƚŝŽŶĂů
ƉĞĂŬƐĚƵĞƚŽďŽƵŶĚ ?ǁŝƚŚŝŶƚŚŝƐĐĂƚĂůǇƐƚĂƌĞĐůĞĂƌůǇƉƌĞƐĞŶƚ ?ƐŝŵŝůĂƌ ‘ƵƉ-ƵƉ-ĚŽǁŶ-ĚŽǁŶ ? ? ?EEDZ
ƉĂƚƚĞƌŶ ŝƐ ƌĞĂĚŝůǇ ƐĞĞŶ ĨŽƌ ƚŚĞ ƚǁŽ  ? ?E-ĐŽƵƉůĞĚ ƐƉŝŶƐ ŽĨ  ? ǁŚĞŶ ŝƚ ŝƐ ůŽĐĂƚĞĚ ŝŶ ƚƌĂŶƐ ƚŽ ƚŚĞ E,
 ?G ? ? ? ? ? ĂŶĚ  ? ? ? ? ? ? ŝŶ ƚŚĞ ^Z ĐĂƚĂůǇƐƚ  ?/ƌ ?, ? ? ?E, ?  ? ?  ?ů ?ĂƐ ƚŚĞ ĂĚĚŝƚŝŽŶĂů ƐǇŵŵĞƚƌǇ ďƌĞĂŬŝŶŐ
ĐŽƵƉůŝŶŐƐ ƚŽ ŚǇĚƌŝĚĞ ĂƌĞ ŶŽǁ ŵƵĐŚ ǁĞĂŬĞƌ ? dŚĞ ƉĞĂŬƐ ǁŝƚŚ ƐŝŐŶŝĨŝĐĂŶƚůǇ ƌĞĚƵĐĞĚ ĂŵƉůŝƚƵĚĞ
ĐŽƌƌĞƐƉŽŶĚƚŽƚŚĞŵŽƌĞƌĂƉŝĚůǇĞǆĐŚĂŶŐŝŶŐĞƋƵĂƚŽƌŝĂů-ůŝŐĂŶĚ ?G ? ? ? ? ?ĂŶĚ ? ? ? ? ? ?ƚŚĂƚĐŽƵƉůĞƐƚƌŽŶŐůǇ
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ƚŽŚǇĚƌŝĚĞĂŶĚĐŽŶƐĞƋƵĞŶƚůǇ ƌĞůĂǆ ŵŽƌĞ ƌĂƉŝĚůǇ ?ŽŶĨŝƌŵĂƚŝŽŶŽĨ ƐŝŶŐůĞƚ ĐŚĂƌĂĐƚĞƌ ŝŶ ƚŚĞƐĞƉƌŽďĞĚ
ƐƚĂƚĞƐǁĂƐĂŐĂŝŶƉƌŽǀŝĚĞĚďǇƐŵĂůůƚŝƉ-ĂŶŐůĞƉƵůƐĞĞǆĂŵŝŶĂƚŝŽŶǁŚŝĐŚůĞĂĚƐƚŽƚŚĞĚĞƚĞĐƚŝŽŶŽĨƚǁŽ
ŽƵƚĞƌƚƌĂŶƐŝƚŝŽŶƐŝŶĂůůĐĂƐĞƐ ?&ŝŐƵƌĞ ? ? ?dŚĞƉƌŽĐĞƐƐŽĨ ƵďƐƚƌĂƚĞĚŝƐƐŽĐŝĂƚŝŽŶĨƌŽŵƚŚĞŝƌŝĚŝƵŵĐĂƚĂůǇƐƚ
ƌĞƚƵƌŶƐ ƚŽ ƚŚĞ ƐǇŵŵĞƚƌŝĐ  ? ?E ?-ĞŶǀŝƌŽŶŵĞŶƚ ŽĨ  ? ŝŶ ƚŚĞƐĞ ŵĞĂƐƵƌĞŵĞŶƚƐ ? ĂƐ ƉƌŽƉŽƐĞĚ ĞĂƌůŝĞƌ ? ĂŶĚ
ƚŚĞƌĞďǇƉƌŽŵŽƚĞƐĨƵƌƚŚĞƌ ?ĂůďĞŝƚƐůŽǁĞƌƐŝŶŐůĞƚƐƚĂƚĞĚĞĐŽŚĞƌĞŶĐĞ ?dŚĞŽďƐĞƌǀĂƚŝŽŶŽĨƚŚĞƐĞƐŝŐŶĂůƐ
ŝŶďŽƵŶĚ ?ŝƐƚŚĞƌĞĨŽƌĞƌĞĨůĞĐƚŝǀĞŽĨŝŶĚŝƌĞĐƚĐŽŶĨŝƌŵƚŚĂƚ ?ǁĂƐŝŶŝƚŝĂůůǇƉƌĞƐĞŶƚŝŶƚŚĞƐŝŶŐůĞƚĨŽƌŵ ? 
dŚĞ ƐŝŐŶĂů ĞŶŚĂŶĐĞŵĞŶƚƐ ĨŽƌ ƚŚĞ ůĞƐƐ ƐƚĞƌŝĐĂůůǇ ĚĞŵĂŶĚŝŶŐ  ? ǁĞƌĞ ƐŝŐŶŝĨŝĐĂŶƚůǇ ŚŝŐŚĞƌ ƚŚĂŶ ƚŚŽƐĞ
ĂĐŚŝĞǀĞĚ ĨŽƌ  ? ƵŶĚĞƌ ƚŚĞƐĞ ^Z ĐŽŶĚŝƚŝŽŶƐ ĂŶĚ Ă  ? ?E ĐŽŶƚƌŽů ƐŝŐŶĂů  ?&ŝŐƵƌĞ  ?ď ? ĐŽŶĨŝƌŵĞĚ ƚŚĞ
ĞŶŚĂŶĐĞŵĞŶƚĨĂĐƚŽƌǁĂƐŶŽǁ ? ? ? ?Ăƚ ? ? ? ? ? d ?ĐĂ ? ?A? ? ?ŚĂŶŐŝŶŐƚŚĞ^ZĐĂƚĂůǇƐƚƚŽĂƚĞƌƚ-ďƵƚǇů-
ƐƵďƐƚŝƚƵƚĞĚĐĂƚĂůǇƐƚ ? ? ? ?ƌĂŝƐĞĚƚŚŝƐůĞǀĞůƚŽ ? ? ? ? ? ?-ĨŽůĚ ? ? ?A? ?ƵŶĚĞƌƐŝŵŝůĂƌĐŽŶĚŝƚŝŽŶƐ ?ŽŶƐĞƋƵĞŶƚůǇ ?
ƚŚĞůŝĨĞƚŝŵĞŽǀĞƌǁŚŝĐŚƐŝŐŶĂůŝŶƚŚĞ ‘ďŽƵŶĚ ?ůŝŐĂŶĚƌĞŵĂŝŶĞĚǀŝƐŝďůĞǁĂƐůĞƐƐƚŚĂŶ ? ?ƐŝŶĂĐĐŽƌĚĂŶĐĞ
ǁŝƚŚĂƌĂƉŝĚůŝŐĂŶĚůŽƐƐƌĂƚĞŽĨĐĂ ? ? ?ƐAL ?ǁŚŝĐŚůĞĂĚƐƚŽƌĂƉŝĚĐǇĐůŝŶŐŽĨƚŚŝƐŵĂƚĞƌŝĂů ? ? ? ? ? 
 
 
FIGURE 4: (a) High field single shot 15N NMR SABRE-SHEATH spectrum of 2 after polarization transfer at 4.5 
ŵ' ?ǆƉĂŶƐŝŽŶƐƐŚŽǁƚŚĞ ‘ĨƌĞĞ-2 ?ƉĞĂŬĂƚ ? ? ?ƉƉŵ ?ƌĞĚ ?ĂŶĚ ‘ďŽƵŶĚ ?axial ligand peaks (green, dominant) and 
the equatorial ligand signals (blue for the bound nitrogens) with characteristic singlet features. (b) 15N thermal 
polarized NMR spectrum using 100 transients that is vertically scaled by 10 compared to (a).  
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FIGURE 5: 15N NMR spectra showing the axially-bound ligand peaks of 2 [Ir(H)2(IMes)(2)3]Cl that are visible 
after SABRE-SHEATH ĂŶĚƚŚƌŽƵŐŚ ?Ă ?Ă ? ?ȗƉƵůƐĞĂŶĚ ?ď ?Ă ?ȗƉƵůƐĞ ? 
 
The lifetime of the magnetism responsible for the signal of hyperpolarized 2 was then studied in 
more detail. Its high-field lifetime time proved to be 5.8 ± 0.2 s. A lifetime of 21.0 ± 6.3 s was then 
determined for storage in the mu-metal shield, while upon storage at 0.3 T it became 56.0 ± 2.5 s. 
Figure 6 shows the normalized hyperpolarized signal amplitude observed for 2 in these three storage 
fields. Table 1 details the enhancement factor and lifetimes of 2.  These results are again affected by 
the catalyst and substrate concentration and when a 50-fold excess of 2 when compared to catalyst 
was utilized, these signal lifetimes were increased by ~40%. This scale of change is similar to that of 
previous reports and is a consequence of the catalysts contribution to the singlet sate decoherence 
being reduced, although the contribution of the intraligand H-15N coupling to signal decay 
remains.[28, 44]  
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&/'hZ  ? PEŽƌŵĂůŝǌĞĚ ƐŝŐŶĂůĂŵƉůŝƚƵĚĞ ŽĨ  ? ?E ŚǇƉĞƌƉŽůĂƌŝǌĞĚ EDZ ƐŝŐŶĂůƐ ŽĨ  ?  ?ĐŝƌĐůĞƐ ? ŽďƐĞƌǀĞĚ ĨƌŽŵ ĂĨƚĞƌ
^Z^,d,ĂƐĂĨƵŶĐƚŝŽŶŽĨƐĂŵƉůĞƐƚŽƌĂŐĞƚŝŵĞ ?ĂƚĂƉŽŝŶƚƐǁĞƌĞĨŝƚƚĞĚƚŽĞǆƉŽŶĞŶƚŝĂůƐ ?ƐŽůŝĚĐƵƌǀĞƐ ?ĂŶĚ
ƌĞƐƵůƚƐĂƌĞĚĞƚĂŝůĞĚŝŶdĂďůĞ ? ?dŚƌĞĞĚŝĨĨĞƌĞŶƚŵĂŐŶĞƚŝĐƐƚŽƌĂŐĞĨŝĞůĚƐǁĞƌĞƵƐĞĚ P ? ? ? ? ?d ?ďůƵĞ ? ? ? ? ?d ?ŽƌĂŶŐĞ ? ?
ĂŶĚ ?d ?ŐƌĞĞŶ ? ? 
 
III. CONCLUSION 
/ŶƐƵŵŵĂƌǇ ?ǁĞŚĂǀĞƌĞƉŽƌƚĞĚŚŽǁ^ZŚǇƉĞƌƉŽůĂƌŝǌĂƚŝŽŶĐĂŶŝŵƉƌŽǀĞƚŚĞ  ? ?EĚĞƚĞĐƚĂďŝůŝƚǇŽĨ ?-
ĐŚůŽƌŽ- ?-ŵĞƚŚŽǆǇ- ? ? ?-Ě ?-ƉǇƌŝĚĂǌŝŶĞ- ? ?E ?  ? ? ? ĂŶĚ ƉŚƚŚůĂǌŝŶĞ- ? ?E ?  ? ? ? ? dŚĞƐĞ ŵŽůĞĐƵůĞƐ ǁĞƌĞ
ƐǇŶƚŚĞƐŝǌĞĚ ĂƐ ƌĞƉƌĞƐĞŶƚĂƚŝǀĞ ĞǆĂŵƉůĞƐ ŽĨ ƉǇƌŝĚĂǌŝŶĞ ĚĞƌŝǀĂƚŝǀĞƐ ƚŚĂƚ ƉŽƐƐĞƐƐ Ă ƐƚƌŽŶŐ  ? ?E- ? ?E
ĐŽƵƉůŝŶŐ ? ? ? ?,ǌ ? ?ŽŶƐĞƋƵĞŶƚůǇ ?ǁĞĞǆƉĞĐƚĞĚƚŽďĞĂďůĞƚŽƉƌĞƉĂƌĞƚŚĞŵŝŶĂƐŝŶŐůĞƚƐƚĂƚĞƚŚƌŽƵŐŚ
ůŽǁ-ĨŝĞůĚ ƉŽůĂƌŝǌĂƚŝŽŶ ƚƌĂŶƐĨĞƌ ǀŝĂ Ă ^Z ĐĂƚĂůǇƐƚ ŽĨ ƚŚĞ ĨŽƌŵ  ?/ƌ ?, ? ? ?E, ? ?ƐƵď ? ? ?ů ǁŚĞƌĞ ƚŚĞ
ĂƐƐŽĐŝĂƚĞĚŚǇĚƌŝĚĞ-ŚǇĚƌŝĚĞĐŽƵƉůŝŶŐǁŝůůďĞŽĨƚŚĞŽƌĚĞƌŽĨ- ?,ǌ ?/ŶƚŚĞĐĂƐĞŽĨ ? ?ƚŚĞƐƚĞƌŝĐďƵůŬŽĨ
ƚŚĞ ĂŐĞŶƚ ůŝŵŝƚƐ ƚŚĞ ĞĨĨŝĐŝĞŶĐǇ ŽĨ ^Z ƚƌĂŶƐĨĞƌ ƐƵĐŚ ƚŚĂƚ Ă  ? ?A? ƉŽůĂƌŝǌĂƚŝŽŶ ůĞǀĞů ŝƐ ĂĐŚŝĞǀĞĚ ?
ŚŽǁĞǀĞƌ ?ƚŚĞŝƐŽůĂƚĞĚƐƉŝŶƐǇƐƚĞŵĞǆŚŝďŝƚƐĂŶŝŵƉƌĞƐƐŝǀĞEDZƐŝŐŶĂů ůŝĨĞƚŝŵĞŽĨ  ? ? ?ƐǁŚĞŶƐƚŽƌĞĚ
ŝŶƐŝĚĞĂŵƵŵĞƚĂůƐŚŝĞůĚ ?/ŶƚŚĞĐĂƐĞŽĨ ?ŝƚŝƐĞĂƐŝĞƌƚŽĂĐŚŝĞǀĞŚŝŐŚĞƌůĞǀĞůƐŽĨŚǇƉĞƌƉŽůĂƌŝǌĂƚŝŽŶĚƵĞ
ƚŽ ƚŚĞ ƌĞĚƵĐĞĚƐƚĞƌŝĐďƵůŬŽĨ ƚŚŝƐĂŐĞŶƚ ?ŽŶƐĞƋƵĞŶƚůǇ ?ǁŚĞŶĂ ƚĞƌƚ-ďƵƚǇů-ƐƵďƐƚŝƚƵƚĞĚ ƉƌĞĐĂƚĂůǇƐƚ ŝƐ
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ĞŵƉůŽǇĞĚ ?A? ? ?EƉŽůĂƌŝǌĂƚŝŽŶŝƐĂĐŚŝĞǀĞĚ ?dŚŝƐŚǇƉĞƌƉŽůĂƌŝǌĂƚŝŽŶŝƐƌĞĂĚŝůǇƌĞĂĚŽƵƚďǇďƌĞĂŬŝŶŐƚŚĞ
ƐǇŵŵĞƚƌǇ ŽĨ ƚŚĞ ƐƉŝŶ ƐǇƐƚĞŵ ŽĨ  ? ƚŚƌŽƵŐŚ ďŝŶĚŝŶŐ ƚŽ ƚŚĞ ĐĂƚĂůǇƐƚ ǁŝƚŚ ƚŚĞ ƌĞƐƵůƚ ƚŚĂƚ ƚǁŽ ƐƚƌŽŶŐ
ŝŶĞƋƵŝǀĂůĞŶƚƐŝŐŶĂůƐĂƌĞĚĞƚĞĐƚĞĚŝŶƚŚĞĂƐƐŽĐŝĂƚĞĚ  ? ?EEDZƌĞƐƉŽŶƐĞƐŽĨďŽƵŶĚ ?ǁŚĞŶŝƚůŝĞƐƚƌĂŶƐ
ƚŽƚŚĞE,ŝŶ  ?/ƌ ?, ? ? ?E, ? ? ?  ? ?ů ?ŐĂŝŶ ?ƌĂƉŝĚ ůŝŐĂŶĚĞǆĐŚĂŶŐĞǁŝƚŚƚŚĞ^ZĐĂƚĂůǇƐƚƌĞĚƵĐĞƐƚŚĞ
ĂƉƉĂƌĞŶƚƐŝŐŶĂůůŝĨĞƚŝŵĞƚŽ ? ?ƐĨŽƌĂ ? ?-ĨŽůĚĞǆĐĞƐƐŽĨƌĞĂŐĞŶƚĂƚĂ ? ? ?dƐƚŽƌĂŐĞĨŝĞůĚ ? ? ? ? ?dŚŝƐĞĨĨĞĐƚ
ĂƌŝƐĞƐďĞĐĂƵƐĞůŝŐĂŶĚďŝŶĚŝŶŐůĞĂĚƐƚŽĂƐŝƚƵĂƚŝŽŶǁŚĞƌĞG'ĨŽƌƚŚĞƚǁŽ ? ?EƐŝƚĞƐŝŶĐƌĞĂƐĞƐĨƌŽŵ ?,ǌ
ŝŶĨƌĞĞ ?ƚŽ ? ? ? ? ?,ǌǁŚĞŶďŽƵŶĚĂƚ ? ? ? ? ?d ?ĚĞƉĞŶĚŝŶŐŽŶƚŚĞůŝŐĂŶĚŐĞŽŵĞƚƌǇ ?ǁŚŝůĞŝŶƚƌŽĚƵĐŝŶŐĂ
ĨƵƌƚŚĞƌ:,EĐŽƵƉůŝŶŐŽĨ ? ? ?,ǌǁŚĞŶďŽƵŶĚƚƌĂŶƐƚŽŚǇĚƌŝĚĞǁŝƚŚ:,,A䄀 - ?,ǌĂŶĚ:EE ? ? ? ? ?,ǌ ?dŚĞƐĞ
ĐŽƵƉůŝŶŐƐ ĂŶĚ ĐŚĞŵŝĐĂů ƐŚŝĨƚ ĐŚĂŶŐĞƐ ĞŶĂďůĞ ƚŚĞ ŝŶŝƚŝĂůůǇ ĐƌĞĂƚĞĚ ƐŝŶŐůĞƚ ŽƌĚĞƌ ƚŽ ŝŶƚĞƌĐŽŶǀĞƌƚ ŝŶƚŽ
ƚŚĞ ƚƌŝƉůĞƚ ŵĂŶŝĨŽůĚ ƚŚĞƌĞďǇ ĨƵƌƚŚĞƌ ƌĞĚƵĐŝŶŐ ƐŝŐŶĂů ůŝĨĞƚŝŵĞ ? dŚŝƐ ĞĨĨĞĐƚ ŝƐ ƐƵďƐƚĂŶƚŝĂů ? ůĞĂĚŝŶŐ ƚŽĂ
 ? ?A?ĨĂůůŝŶƐŝŐŶĂůůŝĨĞƚŝŵĞŽŶŵŽǀŝŶŐĨƌŽŵĂ ? ?-ĨŽůĚƚŽ ?-ĨŽůĚůŝŐĂŶĚĞǆĐĞƐƐ ?tŚŝůĞǁĞĞǆƉĞĐƚĨƵƌƚŚĞƌ
ĐĂƚĂůǇƐƚ ŽƉƚŝŵŝǌĂƚŝŽŶƐ ƚŽ ĚƌĂŵĂƚŝĐĂůůǇ ŝŶĐƌĞĂƐĞ ƚŚĞƐĞ ůĞǀĞůƐ ŽĨ  ? ?E-ƐŝŐŶĂů ŐĂŝŶ ďƵƚ ŶŽƚĞ ŝƚ ǁŝůů ďĞ
ŝŵƉŽƌƚĂŶƚ ƚŽ ƌĞŵŽǀĞ ƚŚĞĐĂƚĂůǇƐƚ ŝĨ ƚŚĞƉĞƌŝŽĚŽǀĞƌǁŚŝĐŚĂ ƐŝŐŶĂů ŝƐ ƚŽďĞĚĞƚĞĐƚĞĚ ŝƐŵĂǆŝŵŝǌĞĚ ?
dŚŝƐǁŝůůďĞĞƐƉĞĐŝĂůůǇƚƌƵĞŝĨŝŶǀŝǀŽ ? ?EŵĞĂƐƵƌĞŵĞŶƚŝƐƚŚĞĂŝŵ ? 
METHODS 
15N2-d2-maleic hydrazide. 
15N2-Hydrazine sulfate (500 mg, 3.79 mmol, 1.0 eq) was added to a stirred 
solution of d2-maleic anhydride (500 mg, 5.0 mmol, 1.32 eq) in water (7 mL).  The resulting solution 
was heated to 100 °C for 3 h before being allowed to cool to rt.  The reaction was filtered, the 
precipitate was collected and dried under reduced pressure to give15N2-d2-maleic hydrazide as a 
white solid which was used in the next step without further purification. 
15N2-3,6-dichloro-4,5-d2-pyridazine.
15N2-d2-Maleic hydrazide (325 mg, 2.80 mmol, 1.0 eq.)  in POCl3 
(3.0 mL) was heated to 95 °C for 3 h.  Then the reaction was cooled to rt and added dropwise to an 
ice cold solution of NaHCO3 to neutralise. EtOAc (15 mL) was added and the two layers were 
separated.  The aqueous layer was extracted with EtOAc (3 x 15 mL) and the combined organic 
layers were dried (MgSO4) and concentrated under reduced pressure to give the crude product.  
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Purification by flash column chromatography with 8:2 hexane-EtOAc as eluent gave 15N2-3,6-
dichloro-4,5-d2-pyridazine (321 mg, 75%) as a white solid, RF (8:2 hexane-EtOAc) 0.3; 
13C NMR (126 
MHz, CDCl3) ɷ (ppm) 156.0 (t,  J = 7.24 Hz), 130.0 (t, J = 26.6 Hz); 15N NMR (51 MHz, CDCl3) ɷ (ppm)   
390.2 (s); MS (ESI) m/z 175 [(M + Na)+, 40]  153 [(M + H)+, 100]; HRMS (ESI) m/z [M + Na]+ calculated 
for C4Cl2D2
15N2  ? ? ? ? ? ? ? ? ?ĨŽƵŶĚ ? ? ? ? ? ? ? ? ?AL ? ? ?ƉƉŵĞƌƌŽƌ ? ?
15N2-3-chloro- 4,5-d2-6-methoxypyridazine (1). Sodium methoxide (60 mg, 1.1 mmol, 1.1 eq.) was 
added to a stirred solution of 15N2-3,6-dichloro-4,5-d2-pyridazine (153 mg, 1.0 mmol, 1.0 eq) in 
MeOH (10 mL) and the resulting solution was stirred at rt for 48 h.  The reaction was concentrated 
under reduced pressure to give the crude product.  Purification by flash column chromatography 
with 95:5-85:15 CH2Cl2-EtOAc as eluent gave 1 (143 mg, 97%) as a white solid, RF (85:15 CH2Cl2-
EtOAc) 0.3; 1H NMR (500 MHz, CDCl3) 4.12 (s, 3H); 
13C NMR (126 MHz, CDCl3) ɷ (ppm) 164.4 (d,  J = 
5.3 Hz), 151.0 (m), 130.3 (app. t, J = 24.3 Hz), 119.7 (dd, J = 23.4, 3.8 Hz), 55.2 (d, J = 4.0 Hz); 15N NMR 
(41 MHz, CDCl3) ɷ (ppm) 372.3 (d, J = 23.7 Hz), 339.9 (d, J = 23.7 Hz); MS (ESI) m/z 171 [(M + Na)+, 80]  
149 [(M + H)+, 100]; HRMS (ESI) m/z [M + Na]+ calculated for C5H3ClD2
15N2O 171.0049, found 
 ? ? ? ? ? ? ? ? ?AL1.7 ppm error). 
15N2-phthalazine(2). A solution of 
15N2H4.H2SO4 (1.21 g, 9.31 mmol) in 1 M NaOH (15 mL) was added 
to a  solution of phthaldialdehyde (1.25 g, 9.33 mmol) and EtOH (30 mL) at room temperature, and 
stirred for 3 hours. The resulting solution was extracted with DCM (3 × 100 mL) and the combined 
extracts concentrated in vacuo. Purification by column chromatography (EtOAc) afforded 2 (815 mg, 
66%) as an orange solid. 1H NMR (400 MHz, CDCl3 ?ɷ ?ƉƉŵ ? ? ? ? ? ?ĂƉƉƚ ?J = 8.2 Hz, 2H) 7.87-7.81 (m, 
4H); 13C NMR (101 MHz, CDCl3 ?ɷ  ?ƉƉŵ ? ? ? ? ? ?  ?ƚ ?J = 4.4 Hz), 132.7, 126.4 (t, J =1.8 Hz), 126.2; 15N 
NMR (51 MHz, CDCl3 ?ɷ ?ƉƉŵ ? ? ? ? ? ? ?MS (ESI) m/z 155 [(M + Na)+, 100], 133 [(M + H)+, 80]; HRMS 
(ESI) m/z [M + H]+ calculated for C8H7
15N2  ? ? ? ? ? ? ? ? ?ĨŽƵŶĚ ? ? ? ? ? ? ? ? ?AL ? ? ?ƉƉŵĞƌƌŽƌ ? ?
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